Evidence of giant oscillator strength in the exciton dephasing of CdSe
  nanoplatelets measured by resonant four-wave mixing by Naeem, Ali et al.
ar
X
iv
:1
40
3.
77
98
v1
  [
co
nd
-m
at.
me
s-h
all
]  
30
 M
ar 
20
14
Evidence of giant oscillator strength in the exciton dephasing of CdSe nanoplatelets
measured by resonant four-wave mixing
Ali Naeem,1 Francesco Masia,1 Sotirios Christodoulou,2 Iwan Moreels,2 Paola Borri,1, 3 and Wolfgang Langbein1, ∗
1Cardiff University School of Physics and Astronomy,
The Parade, Cardiff CF24 3AA, United Kingdom
2Istituto Italiano di Tecnologia, Via Morego 30, IT-16163 Genova, Italy
3Cardiff University School of Biosciences, Museum Avenue, Cardiff CF10 3AX, United Kingdom
(Dated: August 20, 2018)
We measured the intrinsic ground-state exciton dephasing and population dynamics in colloidal
quasi two-dimensional (2D) CdSe nanoplatelets at low temperature (5-50K) using transient resonant
four-wave mixing in heterodyne detection. Our results indicate that below 20K the exciton dephas-
ing is lifetime limited, with the exciton population lifetime being as fast as 1 ps. This is consistent
with an exciton lifetime given by a fast radiative decay due to the large in-plane coherence area of
the exciton center-of-mass motion in these quasi 2D systems compared to spherical nanocrystals.
The colloidal synthesis of quasi-2D semiconductor
nanostructures has recently attracted much attention,
owing to the simplicity, flexibility and low cost of colloidal
chemistry compared to epitaxial growth techniques, and
the wealth of interesting fundamental properties and ap-
plications of quantum wells (QWs) in e.g. optoelectron-
ics and photovoltaics. High–quality colloidal zinc-blende
CdSe nanoplatelets (NPLs) having a thickness of 1-2 nm
were recently reported 1–3, and exhibit absorbtion spec-
tra well described by a QW-like electronic structure. Re-
markably, the synthesized ensembles can have a mono-
layer thickness purity better than 95%, and the inhomo-
geneous broadening corresponds to only about 20% of the
monolayer splitting, which is similar to optimized epitax-
ial quantum wells4. Furthermore, the thickness quantiza-
tion energy of 0.5-1 eV is much larger than the bulk exci-
ton binding energy of 15meV5, such that the excitons are
close to the 2D limit providing a fourfold binding energy
increase. The binding energy is further enhanced6 by the
lower dielectric constant ε ∼ 2 in the NPL surrounding,
and the lower dielectric constant ε∞ ∼ 6 of CdSe for en-
ergies above the LO phonon energy of 26meV compared
to εs ∼ 10 below, resulting in predicted exciton binding
energies7 in the 100-300meV range.
Since the exciton oscillator strength increases with the
exciton binding energy, we can expect a fast exciton ra-
diative decay. Recent reports showed photoluminescence
(PL) lifetimes decreasing with decreasing temperature,
and lifetimes of 200− 400 ps were measured at low tem-
peratures 2,3,7, two orders of magnitude faster than in
spherical CdSe nanocrystals. It is understood theoreti-
cally and reported experimentally in epitaxially–grown
QWs that QW excitons exhibit an oscillator strength
which increases with increasing extension of the exciton
in-plane center-of-mass (CM) motion wavefunction 8–11,
the so-called coherence area. We therefore expect that
the fundamental bright NPL exciton (BX) has a short
radiative lifetime decreasing with increasing NPL area.
The radiative decay rate also sets a lower limit to the
homogeneous linewidth of an optical transition. Recent
PL measurements in single NPLs at low temperature
showed linewidths of 0.5-1meV 3,7. These would corre-
spond to a population lifetime in the 1 ps range, signif-
icantly shorter than the measured PL decay time. It is
however known that single quantum dot PL linewidths
are affected by fluctuations of the emission energy dur-
ing long acquisition times (so-called spectral diffusion),
hence the reported linewidths give an upper limit to the
homogeneous linewidth. Furthermore, the PL decay of
non-resonantly excited platelets does not provide a mea-
surement of the BX lifetime but reflects the density dy-
namics mediated by phonon-scattering across all occu-
pied exciton states in the NPL, including higher CM
quantized exciton states of lower oscillator strength, and
spin-forbidden dark states. The measured PL decay time
is thus only an upper limit of the BX decay time. To in-
vestigate the giant oscillator strength effect in NPL it
is therefore important to measure the intrinsic homoge-
neous linewidth and lifetime of the BX.
We previously demonstrated both in epitaxial quan-
tum wells12,13, self-assembled quantum dots14,15 and
colloidal nanocrystals16–18 that transient resonant four-
wave mixing (FWM) can measure the intrinsic exciton
dephasing time in inhomogeneously broadened ensembles
unaffected by spectral diffusion. In the present work,
we have used three-beam FWM to measure the intrinsic
exciton dephasing and population dynamics in colloidal
zinc-blende CdSe NPLs in the temperature range from
5K to 50K.
The investigated NPLs have been synthesized accord-
ing to the method reported in Ref. 2, albeit using a twice
larger Se concentration, and injecting 2.25 times more
cadmium acetate, at a temperature of 210◦C. The re-
sulting NPL have a room temperature emission around
515nm, and the X-ray diffraction reveals that they pos-
sess a zinc-blende crystal structure. More details are
given in the supplement.
An optical and structural characterization of the inves-
tigated NPL ensemble is shown in Fig. 1. The synthesis
typically yields NPLs with a room-temperature PL quan-
tum efficiency of 50% and PL lifetimes in the nanosecond
range, indicating that the non-radiative decay due to de-
2fects is slow. Transmission electron microscopy shows
NPLs with lateral dimensions of Lx = 30.8 ± 2.6 nm
and Ly = 7.1 ± 0.9 nm. Room-temperature absorp-
tion and emission spectra of the ensemble reveal a small
Stokes shift (12meV), and a wavelength of the low-
est excitonic transition Xhh of 486.5 nm consistent with
an electron/heavy-hole exciton confined in 6 monolayer
(ML) thickness (Lz = 1.82 nm) according to Ref. 2. The
small absorption and emission peak observed at 2.69 eV
(460 nm) reveals a few percent of NPLs with 5ML thick-
ness in the ensemble, which are not affecting the FWM
in resonance with Xhh due to the large energy shift. Af-
ter cooling to 20K the absorption spectrum shifts to
higher energies and exhibits a narrower Xhh due to the
reduction of the phonon-scattering related homogenous
broadening3,7. The absorption lineshape at low temper-
ature was fitted by a sum of two excitonic peaks Xhh, Xlh
and continuum edges Chh,Clh, plus an additional peak for
the 5ML contribution (for details see supplement). We
inferred a Xhh linewidth of (46 ± 1)meV full-width at
half-maximum (FWHM) dominated by inhomogeneous
broadening. Furthermore, excitonic binding energies of
Rhh = (178 ± 34)meV and Rlh = (259 ± 3)meV are in-
ferred from the fit. Rhh is consistent with the range of
100− 300meV predicted in calculations7. The difference
of Rhh and Rlh can be attributed to the different in-plane
hole dispersions, as the 2D exciton binding energy is pro-
portional to the in-plane reduced mass. Notably, the
heavy-hole quantized by the NPL thickness has in-plane
a light-hole mass mlh = 0.19me, and the light-hole has
in-plane a heavy-hole mass mhh = 0.67me, as deduced
from the Pidgeon-Brown model used in Ref. 2. With the
isotropic electron mass of mc = 0.18me, this results in
an in-plane reduced mass of µhh = 0.092me for Xhh and
µlh = 0.14me for Xlh. The expected ratio of binding en-
ergies is thus Rlh/Rhh = µlh/µhh = 1.51, which is close
to the ratio of 1.4 inferred from the fit.
Similar to previous works on CdSe nanocrystals 17,18,
we have measured the dephasing time of the BX using
transient three-beam FWM (see sketch in Fig. 2) in res-
onance with Xhh (see laser spectra in Fig. 1). All beams
are derived from a train of 150 fs pulses with 76MHz rep-
etition rate. The first pulse (P1) induces a coherent polar-
ization in the sample, which after a delay τ12 is converted
into a density grating by the second pulse (P2). The third
pulse (P3), delayed by τ23 from P2, is diffracted by this
density grating, yielding the FWM signal. In the em-
ployed heterodyne technique19 the pulse trains are radio-
frequency shifted resulting in a frequency-shifted FWM
field which is detected by its interference with a refer-
ence pulse. In an inhomogeneously broadened ensemble,
the FWM signal is a photon echo emitted at a time τ12
after P3, and the microscopic dephasing is inferred from
the decay of the photon echo amplitude versus τ12. Con-
versely, the decay of the photon-echo amplitude versus
τ23 probes the exciton density dynamics
20.
The measured FWM field amplitude versus τ12 is given
in Fig. 2 by the detected voltage using an amplification
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FIG. 1. Linear optical properties of the investigated CdSe
NPL ensemble. Absorption and photoluminescence spectra
at 295K (dash-dotted lines), and absorbtion at 20K with a
fit (solid lines). The spectra of the laser pulses used in the
FWM experiment are also shown, labeled according to their
center photon energy. Inset: TEM image of the NPLs. Scale
bar: 50 nm.
of 105V/A of the current from the silicon photodiodes
in the balanced detection having a quantum efficiency of
0.75 and applying a reference power of about 0.3mW per
diode. Measurements were taken at τ23 = 1ps to exclude
non-resonant nonlinearities. The time-averaged excita-
tion intensity was 17W/cm2 per beam, within the third-
order nonlinear response regime and resulting in negli-
gible local heating, as we affirmed by power-dependent
measurements. To minimize selective excitation of lin-
early polarized transitions in the ensemble of randomly
oriented NPLs, all pulses were co-circularly polarized.
The decay of the TI-FWM versus τ12 is described by two
exponentially decaying components for temperatures T
above 10K, with an additional longer component visible
for lower temperatures, as shown by fits to the data after
pulse overlap τ12 > 0.3 ps. The dynamics is somewhat
dependent on the probed energy within the inhomoge-
neously broadened ensemble as shown in Fig. 2b. The
FWHM homogeneous linewidths 2h¯γ of the fitted de-
phasing rates γ1 > γ2 (see inset) show that γ1 slightly in-
creases with increasing energy across the inhomogeneous
distribution, together with its relative weight (shown by
the ZPL weight as discussed later), while γ2 is slightly
decreasing.
To investigate the physical origin of the observed de-
phasing, we have measured the exciton population dy-
namics by varying the delay time τ23, for different τ12 and
temperatures. The measured response for τ12 = 0 shown
in Fig. 3b can be described by two exponential decays
with weakly temperature dependent times around 1 ps
and 40 ns. The latter is giving rise to a signal at τ23 < 0
due to a pile-up of the response from previous pulse rep-
etitions of 13 ns period which excited the sample earlier.
All data were consistently fitted by the sum of two ex-
ponential decays including the pile-up effect yielding the
decay rates Γ1 > Γ2 and amplitudes A1,2. Interestingly,
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FIG. 2. FWM field amplitude versus delay between the first
two exciting pulses τ12 at τ23 = 1ps. a) At different tem-
peratures as indicated for a center energy of 2.530 eV. The
lines are fits to the data. The inset shows a sketch of the
directional selection geometry used in the experiment. b) For
different center energies as indicated (spectra given in Fig. 1)
at a temperature of 20K. The lines are fits of a bi-exponential
decay to the data. The inset shows the resulting linewidths
2h¯γ1,2.
when changing τ12 from 0 to 1 ps, A1/A2 increases, such
that the relevance of the pile-up effect decreases, while
the rates are unchanged within error. This shows that
the density induced absorption of the long lifetime com-
ponent is spectrally broader than that of the the short
one.
A possible origin of the Γ2 component could be the
spin-forbidden dark excitonic state. However, since we
find that Γ2 is nearly temperature independent from 5K
to 50K, we can estimate the related dark-bright splitting
δ0 > kBT log(Γ2/Γ1) ∼ 40meV for T = 50K. This is
much larger than the 1-10 meV found in colloidal CdSe
QDs. We also do not find evidence for an internal re-
laxation between different bright/dark excitonic states,
which modifies the dynamics for τ12 6= 0 as observed on
spherical nanocrystals 17,18. A more likely interpretation
is charging of the NPL by carrier trapping in the sur-
rounding, leaving a long-lived remaining carrier, which
is also consistent with the spectral broadening of the re-
sponse.
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FIG. 3. Exciton density dynamics measured from the TI-
FWM field amplitude versus τ23 at fixed τ12. Dashed lines
are fits to the data. a) Measurements at 12.5K for different
values of τ12, as indicated. b) Measurements at τ12 = 0ps for
different temperatures, as indicated.
The FWHM linewidth h¯Γ1 due to the density decay
and the homogeneous width 2h¯γ1,2 are shown in Fig. 4 as
a function of temperature. Remarkably, 2γ2 is equal to
Γ1 within error for T <∼ 10K. We therefore attribute γ2
to the zero-phonon line (ZPL) dephasing of the BX tran-
sition in NPLs which is lifetime limited at low tempera-
ture. The deduced low-temperature ZPL width of 2h¯γ0 =
0.7meV is consistent with PL linewidths measured on in-
dividual NPLs at low temperature 3,7, and about two or-
ders of magnitude larger than in spherical QDs, where co-
herence times of up to 100ps, corresponding to 6µeV line
widths, have been measured17,18. The temperature de-
pendence of γ2 shown in Fig. 4 is fitted by a temperature
activated behavior 2h¯γ2 = 2h¯γ0 + b/(exp(∆/kBT ) − 1),
yielding a spontaneous scattering rate b = 6meV and
an activation energy ∆ = 7 ± 3meV. Extrapolating
to room temperature yields a homogeneous width of
about 20meV, below the measured single NPL width
of about 40meV 3 which additionally contains scatter-
ing by LO phonons7. The line-narrowing in the Xhh
absorption from room-temperature to low temperature
seen in Fig. 1 is consistent with these values. To dis-
4cuss the scattering process leading to the dephasing, we
have estimated the energy separation between the BX
state and the first excited state from the quantization
of the exciton CM motion. We use the ”exciton-in-a-
box” quantization energy h¯
2pi2
2M
(
n2
x
(Lx−2aB)2
+
n2
y
(Ly−2aB)2
)
where nx,y = 1, 2, ... are the quantum numbers, aB is
the in-plane exciton Bohr radius of about 2 nm, and the
exciton mass M = 0.37me as sum of electron and hole
mass from the Pigeon Brown model. The resulting en-
ergy separation of the BX (nx, ny) = (1, 1) to the first
excited state (1, 2) is 4meV, which is similar to ∆. The
temperature dependence of γ2 could thus be related to
scattering into the (1,2) state by acoustic phonon absorp-
tion. Note that the (1,2) state has an odd parity and is
thus dark.
The weak longer dephasing component γ3 < γ2 shown
in Fig. 4 is attributed to a fraction of NPLs in the ensem-
ble having a longer excitonic lifetime. This is compatible
with the exciton dynamics shown in Fig. 3, since a 13%
fraction of NPLs having a ∼ 5 ps lifetime as given by rel-
ative amplitude A3/(A3 +A2) results in an insignificant
modification in the dynamics due to the strong Γ2 compo-
nent. When this component is suppressed (see τ12 = 1ps
in Fig. 3a), a weak component with a decay time of about
5 ps, consistent with the lifetime-limited density, is ob-
served.
The dephasing rate γ1 has a relative amplitude which
increases with increasing temperature, indicating that
this fast initial dephasing is containing phonon–assisted
transitions. It is known that excitons confined in quan-
tum dots exhibit a non-Lorentzian homogeneous line-
shape, consisting of a sharp zero-phonon line superim-
posed onto a few meV wide acoustic phonon band which
in turn gives rise to an initial fast dephasing 15,17. Since
excitons in the investigated NPLs are confined in a larger
volume (∼ 500 nm3) than in the nanocrystals studied in
Ref. 17 (∼ 200nm3), we expect a higher ZPL weight Z.
We estimate Z from the dephasing dynamics following
the procedure discussed in Ref. 15 using the sum ampli-
tude associated with γ2,3 relative to the maximum FWM
signal around τ12 = 0. As shown in Fig. 4, we find val-
ues of Z ∼ 0.6 at low temperature, which is actually
comparable to spherical nanocrystals17. We attribute
this smaller than expected Z to an enhancement of the
phonon-assisted transitions by the excited exciton states
on the high energy side of the ZPL, leading to exciton-
polaron transitions21. This attribution is supported by
the observed decrease of Z with increasing energy within
the Xhh absorption line (see Fig. 2b). Interestingly, single
NPL spectra at T = 20K3 show an emission peak with a
satellite shifted by about 4meV to higher energies hav-
ing a relative weight of about 10%. Considering that
the Boltzmann factor of thermal population for 4meV
separation is about 0.1, we can estimate that this satel-
lite has a similar absorption as the main peak, consistent
with the ZPL weight of Z = 0.6 deduced from the FWM
dynamics. The energy separation of the exciton-polaron
transitions is smaller than the pulse width of 16meV,
such that we can excite both transitions simultaneously
and we can see the resulting onset of a beat visible in
the dynamics. The beat is strongly damped due to the
large linewidth γ1, which is consistent with the expected
linewidth given by the spontaneous emission coefficient b
deduced from the temperature dependence of γ2.
A related damped oscillation with a period of about
1 ps is observed in the exciton density decay dynamics in
Fig. 3. These oscillations can be assigned to the modula-
tion of the excitonic absorption by the coherent phonons
created by the impulsive excitation, and have been pre-
viously observed in a variety of structures including
CdSe22,23 and PbS24 QDs. Interestingly, varying τ12 the
visibility of the oscillations can be controlled22. Specifi-
cally, for ωpτ12 = 0, 2pi (τ12 ∼ 0, 1 ps), where ωp is the an-
gular phonon frequency, the oscillations are suppressed,
while for ωpτ12 = pi (τ12 ∼ 0.5 ps) they are enhanced. We
have modeled the oscillations in the fit by multiplying the
bi-exponential decay by (1 + B exp(−γpτ12) cos(ωpτ12))
with the phonon decay rate γp and the amplitude B. The
fit to the data (see Fig. 3) yields h¯ωp = (4.1 ± 0.1)meV
and h¯γp = (1.5 ± 0.2)meV. The oscillation frequency
is similar to the expected frequency of the lowest lon-
gitudinal acoustic (LA) phonon mode confined by the
NPL thickness given by h¯ωp = hv/(2Lz) = 4.2meV,
with the LA velocity in CdSe v = 3.7 × 103m/s25. The
in-plane wavevector of the fundamental phonon mode
excited by the delocalized exciton density can be ne-
glected since Lz ≪ Lx, Ly. The mode damping γp ex-
pected due to the transmission to the polystyrene envi-
ronment can be estimated using the amplitude reflection
coefficient of r = 0.75 of the CdSe/PS interface calcu-
lated using the acoustic impedance mismatch, yielding
h¯γp = h¯ ln(r)v/Lz = 0.39meV. This result is signifi-
cantly smaller than the fitted value, which could be due
to an inhomogeneous distribution of oscillation frequen-
cies in the measured NPL ensemble, for example due to
the varying coupling to PS considering that Lz corre-
sponds to only 6 styrene ring diameters.
Let us now discuss the physical interpretation of the
measured exciton lifetime of about 1 ps. When com-
pared to the ∼ 10 ns radiative lifetime in CdSe spheri-
cal nanocrystals 26 this lifetime is remarkably short. It is
known that with increasing exciton COM extension the
radiative lifetime decreases 8,9, an effect also referred to
as ”giant oscillator strength”7,8. The radiative lifetime
of a heavy-hole exciton has been calculated to be 12 ps
in a 10 nm wide GaAs/AlGaAs QW 27, and measured
to be about 1 ps in 10 nm wide ZnSe/ZnMgSSe QWs28
and 16-20nm wide ZnSe/ZnMgSe QWs 29. Considering
the large exciton binding energy Rhh ∼ 180meV com-
pared to the ZnSe QWs which have an exciton bind-
ing energy ∼ 25meV, we expect a free exciton radia-
tive lifetime in extended NPLs in the order of 100 fs.
The measured lifetime of ∼ 1 ps is thus consistent with
excitons being localized in-plane by the lateral size of
the NPLs, whereby the lifetime increases due to the re-
duced coherence area 11. For NPL much smaller than
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FIG. 4. Linewidths and zero-phonon-line weight versus tem-
perature. Shown are the dephasing linewidths 2h¯γ1,2,3, and
the lifetime limited linewidth h¯Γ1. The line is a fit to the data
for γ2 . The ZPL weight Z has been deduced from the ampli-
tude of the slower components γ1,2 relative to the maximum
FWM signal calculated following the procedure in Ref. 15.
The inset shows the measured γ2 at T=5K as function of the
NPL area.
the wavelength and much larger than aB, the radiative
rate is expected to be proportional to the NPL area. The
measured low-temperature γ2 for NPLs of different sizes
(24×5, 27×8, 31×7, 27×13) nm2 is given in the inset of
Fig. 4. We find a proportionality to the NPL area, as ex-
pected for radiative decay. The weak component of rate
γ3 can be attributed to excitons with a smaller coherence
area, possibly due to lateral disorder, leading to exciton
localization within the NPL. Such lateral disorder can be
due to NPL thickness variations or disorder in the di-
electric surrounding. We note that the in-plane confine-
ment energy created by a monolayer thickness variation is
about 200meV, while the localization potential required
to confine the exciton to an area which is a factor of γ2/γ3
smaller is about 50meV.
In conclusion, we have presented evidence of an intrin-
sic radiative lifetime in the 1 ps range in quasi-2D CdSe
nanoplatelets from dephasing and density dynamics mea-
sured by three-beam four-wave mixing. The radiative
rate is scaling with the exciton coherence area, promis-
ing a tuning range from hundreds of picoseconds down to
sub-picoseconds adjusting the platelet area, and merging
the size tunability and monolayer thickness precision of
colloidal synthesis with the large oscillator strength of
quantum well excitons. Importantly, the nanoplatelets
could be suited to reach the strong light-matter coupling
regime in tuneable microcavities30, and enable applica-
tions as single photon switches.
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SUPPLEMENT
A. NPL synthesis
Chemicals: Cadmium nitrate tetrahydrate, cadmium
acetate dihydrate Cd(Ac)2·2H2O, technical grade 1-
octadecene (ODE), oleic acid and sodium myristate were
purchased from Sigma-Aldrich. Selenium (Se) mesh
99.99% was purchased from STREM.
Synthesis of cadmium myristate (Cd(myr)2): 5 g
(0.02mol) of sodium myristate was dissolved in 150mL of
methanol by stirring the solution for 1 hour at room tem-
perature. After addition of a solution of 3 g of cadmium
nitrate in 10mL of methanol, a white powder formed
which was collected and dried for two days under vac-
uum.
Synthesis of CdSe nanoplatelets emitting around
515 nm: 170mg of Cd(myr)2 (0.3mmol), 12mg of Se
and 15mL of ODE were added in a three-neck flask and
degassed under vacuum. The mixture was heated un-
der argon flow to 210◦C, and when this temperature was
reached, 90mg of Cd(Ac)2 were swiftly introduced. The
mixture was further heated to 240◦C and kept at this
temperature for 10 minutes. The NPL solution also con-
tained a fraction of spherical quantum dots, which were
separated from the NPLs by selective precipitation. After
synthesis the average NPLs size and corresponding stan-
dard deviation were measured with transmission electron
microscopy, evaluating the length and width of 70 par-
ticles. The X-ray diffraction pattern was measured on a
drop-casted thin film of NPL using miscut silicon sub-
strates.
B. Colloid extinction and photoluminescence
The optical properties of the NPL colloid used to pre-
pare the samples were characterized. Photoluminescence
(PL), excited at 400nm wavelength, and extinction spec-
tra are shown in Fig. 5b. The colloid is dominated by
6ML NPLs, but also 5ML thick NPLs are visible, having
about 5% number fraction as estimated from the heavy
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FIG. 5. Optical properties of the investigated CdSe NPL
colloid in toluene at room temperature. a) Normalized ex-
tinction (black line) and photoluminescence (red line) spec-
tra. b) Time-resolved photoluminescence black line:data,
red line: triple-exponential fit yielding the time constants
τ1 = 3.36 ± 0.06 ns, τ2 = 11.2 ± 0.4 ns, τ3 = 61 ± 2 ns and
amplitudes A1 = 9540± 110, A2 = 1530± 111, A3 = 112± 6.
hole exciton extinction peak. The PL is dominated by ex-
citonic emission with a Stokes shift of about 11meV, and
a linewidth of 38meV. The time-resolved PL is shown in
Fig. 5b and was excited with 50 ps pulses at 400 nm with
1MHz repetition rate and detected using time-correlated
single photon counting with a time-resolution of 0.7 ns.
It reveals an initial decay time of about 3 ns accounting
for 57% of the total emission, followed by a component
with 11ns accounting for 30%, and 60 ns accounting for
12%.
This dynamics is comparable to reports of the PL dy-
namics in literature3. When a higher time-resolution in
employed, also components of faster emission dynamics
in the 100ps range have been reported7.
C. Low-temperature extinction spectra
Low-temperature extinction spectra were measured
with a tungsten white-light source and a Ocean Optics
HR4000 spectrometer. The transmitted spectral inten-
sity Is(ω) through the sample was measured over a sam-
ple region of 20µm diameter, and compared with a refer-
ence transmission Ir(ω) at a position without polymer
film laterally offset from the sample of about 0.5mm
lateral size and 10µm thickness. The resulting extinc-
tion is given by αext(ω) = ln(Is/Ir) and is shown in
Fig. 6a. It resembles the room temperature extinction
measured in the colloid shown in Fig. 5a, but is shifted to
higher energies due to the temperature dependent band-
gap shift. Furthermore, we observe a reduced linewidth
of the heavy-hole exciton, attributed to reduced phonon-
scattering, similar to other reports in literature7.
D. Extinction fit
The extinction of the NPL ensemble was fitted using
a quantum-well absorption model, consisting for each in-
terband transition of the 1s exciton absorption and a con-
tinuum edge, with a line-shape
p(ω) = pX+
L/pi
γL +∆2/γL
+
AC
2
[
1 + erf
(
∆− ωB
γC
)]
(1)
where ∆ = ω − ω0, with the exciton energy ω0, the line-
width γ, and the exciton binding energy ωB. The con-
tinuum step height is AC and the step width is γC. The
1s exciton line-shape is modeled by an absorption shape
pX of unity area and an additional broader Lorentzian of
width γL and area L, accounting for the observed tails
attributed to Rayleigh scattering.
The absorption line-shape of a quantum well exciton
can be modeled accurately by an asymmetric lineshape
taking into account the in-plane localization4,31
pX =
1
2η
[
1 + erf
(
∆
γ
−
γ
2η
)]
exp
(
γ2
4η2
−
∆
η
)
(2)
with the additional parameter η describing the asymmet-
ric broadening by localization. In case the inhomoge-
neous broadening is not significant, we use the simpler
function
pX =
1
2γ cosh2 (∆2/γ2)
(3)
with a FWHM of 1.763 γ, having exponential tails, which
was giving better fits than a Gaussian line-shape. For
the heavy-hole band we used phh according to Eq.(2).
For the light-hole band instead, we used plh given by the
simpler Eq.(3) since the exciton shows a larger homoge-
neous broadening due to scattering into the overlapping
heavy-hole exciton continuum, as known from quantum
wells32. The resulting lineshape is
α6MLext = Ahhphh +Alhplh (4)
with the weights Ahh and Alh of the bands. Since the
sample shows a small amount of 5ML platelets in both PL
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FIG. 6. Measured NPL extinction spectrum (circles) and fit
(black line) with its individual components as labeled. WL:
Ali, add missing parameters
hh 6ML lh 6ML hh 5ML lh 5ML
L 2.1 ± 0.2
h¯γL/meV 0.145 ± 0.017
A× 102meV 4.16± 0.2 4.37 ± 0.95 0.38 ± 0.09 0.22± 0.05
h¯ω0/meV 2536.9 ± 1.5 2685.2 ± 1.6 2826.5 ± 3 2826.5 ± 3
h¯ωB/meV 178± 34 259± 3 - -
h¯γ/meV 21.2± 0.9 36.1 ± 2.0 16.6 ± 4 46.1 ± 11
h¯η/meV 16.3± 2.5 - - -
h¯γC/meV 63± 30 27± 4 - -
AC×meV 9.3± 0.5 5.6 ± 1.2 - -
TABLE I. Fit parameters with errors of the absorption fit
shown in Fig. 6, yielding an R2 = 0.99427.
and extinction, we have fitted a 5ML extinction spectrum
at room temperature separately, and added this fit α5MLext ,
with an amplitude factor and a rigid energy shift due to
the temperature difference, to arrive at αext = α
6ML
ext +
A5MLα
5ML
ext . The parameters L and γL were chosen equal
for all bands. The resulting fit to the NPL extinction data
at 20K is shown in Fig. 6, showing also the individual
components. The corresponding fit parameters with fit
error estimates are summarized in Table I.
It is worth noting that zinc-blende CdSe has an ad-
ditional interband transition due to the split-off valence
band with a separation of about ∆so = 0.39 eV to the
hh and lh band, which results in an additional excitonic
transition. Its energy should be shifted by ∆so and by the
quantization energy which is expected to be in-between
the one of heavy hole and light hole band according to
the effective mass being in-between the ones of these
bands. We therefore would expect an additional absorp-
tion around 3 eV from the split-off 1s exciton, which is
close to the fitted position of Clh. This excitonic transi-
tion is expected to be significantly broadened by the de-
cay into heavy-hole and light-hole excitons and continua,
beyond what was observed for the light-hole exciton.
Changing the NPL thickness, the ratio between ∆so
and the exciton binding energies changes. Indeed, the
extinction spectra shown in Ref. 2 for NPL of different
thickness show a changing shape around Clh. The 7ML
NPL has a peak at the expected Xso position, with Clh
being below Xso, while the 5ML NPL shows a double step
structure with Clh being above Xso. In the 6ML NPL,
Xso seems to be be just below Clh, resulting in a flat-
top structure. The effect of the split-off exciton therefore
might shift the apparent continuum edge to somewhat
lower energies, leading to an underestimation of the lh
exciton binding energy in the fit.
E. Sample preparation in polymer
The samples were prepared in the following way. A
NPL toluene colloid with 20µM concentration was mixed
with a solution of 5% weight polystyrene of average
molecular weight 280000 in toluene. The volume ratio of
NPL colloid to polystyrene solution was 8 : 2. The result-
ing solution was drop-cast onto a microscope slide placed
on a hotplate at a temperature of 80◦C. Four layers of
5µL dropcasts were made on top of each other. Each
dropcast was allowed to dry for a few minutes before the
next one was applied. A suitable region of the resulting
film was cut to a size of approximately 0.5 × 0.5mm2
and squeezed between two 1mm thick quartz windows of
5mm diameter using a home-made sample holder. The
sample holder was then placed on a hot plate at 120◦C
for a few seconds and the two quartz windows were fur-
ther squeezed together to ensure good thermal contact
with the sample.
NPL aggregation in the sample could change their
dynamics33 due to Fo¨rster-type interactions, typically
relevant for distances below 10 nm. To verify that this
is not a significant effect in the investigated samples,
we have measured the spatial distribution of the NPL in
the polymer sample by transmission electron microscopy
(TEM). Tiny film fragments were embedded in a super
glue drop on a polymeric support, in order to handle the
samples to be cut for the cross sectional studies. Sections
of about 70 nm were cut with a diamond knife (Diatome)
on a Leica EM UC6 ultramicrotome. TEM images were
collected by a FEI Tecnai G2 F20 equipped with a field-
emission gun (FEG), operating at 200 kV of acceleration
voltage and recorded with a 4 Mp Gatan BM UltraScan
Charge-Coupled Device (CCD) camera.
A representative high resolution image of a section of
the sample is given in Fig. 7. A small fraction shows dis-
tances below 10 nm. We do not expect that this type of
aggregation significantly influences the dynamics. Lower
resolution images reveals some bunching on a microme-
ter length scale. This might be the origin of the stronger
Rayleigh scattering tails observed in the extinction spec-
tra compared to solution measurements.
8FIG. 7. Transmission electron microscopic image of a sample
of CdSe NPL in PS prepared in the same way as the sam-
ple studied in the dephasing measurements. The scale bar is
shown
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